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Abstract
Pulsed Wave Velocimetry (PWV) is an ultrasonic technique for measuring velocity proﬁles in ﬂowing liquids. We
already demonstrated that PWV can be used to obtain velocity proﬁles of polypropylene melt, ﬂowing in capillary
dies with channel depths less than 2 mm. The required ultrasound transducer with large bandwidth (which is restricted
to operating temperatures below 50◦ C) is coupled to the hot melt using a temperature buﬀer, which serves as acoustic
waveguide, but decouples transducer and melt thermally. In this contribution, we show results obtained in-line during
the extrusion of glass-ﬁber-ﬁlled polypropylene as well as talcum-ﬁlled polypropylene at various feed rates.
c© 2014 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the scientiﬁc commitee of Eurosensors 2014.
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1. Introduction and measurement setup
In polymer processing using extrusion, many properties of the product depend on the used raw material, additives
and ﬁllers and on the process–parameters (screw speed, melt temperature and pressure). To develop new products (e.g.
to increase sustainability using organic additives and ﬁllers), the ﬂow behavior of the melt must be known; Especially
the presence/absence of wall slip [1] is of interest. Pulsed Wave Velocimetry (PWV) is an established non–destructive
technique to measure velocity proﬁles of ﬂowing liquids using ultrasound, see Fig. 1 (a): Ultrasound bursts limited
to a view cycles of the nominal frequency f0 of the used ultrasound transducer (UT) are repeatedly emitted into the
liquid under test, using a pulse repetition frequency fPRF with fPRF  f0. Particles immersed in the ﬂowing liquid
scatter the pulse, and a fraction of it is reﬂected back to the UT and recorded as echo. The time delay ti between the
emission of the ith pulse Pi and the onset of its echo depends on the distance between the UT and the particle (see
Fig. 1 (a)) - with known longitudinal sound velocity cL in the liquid under test, it can be used to calculate the depth
of the scattering particle zP (Eq. 1). Using two consecutive pulses P1 and P2, two time delays t1 and t2 are obtained.
Between the respective scattering events, the particle covers the distance Δx = P1P2, see Fig. 1 (b). Time diﬀerence
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Figure 1: (a) Basic PWV setup: A particle moves at depth zP of the channel and scatters the ultrasound pulse. (b) Between two pulses P1 and P2
emitted with fPRF, the particle covers Δx = P1P2, and the absolute distance between particle and UT increases by Δx cosαL. (c) Setup with Thermo
Scientiﬁc extruder, melt pump and the die with the developed inset. The UT is connected to a Panametrics 5900PR pulser/receiver.
Δt and location diﬀerence Δx can be used to calculate the particle’s velocity vP(zP) (see Eq. 2). If the phase shift ΔΦ
between the echoes is evaluated rather than the Δt, overlapping reﬂections of several particles at various depths of the
melt channel can be evaluated eﬃciently, and a depth–dependent velocity proﬁle is obtained [2–4].
zP =
cL t1
2
sinαL (1)
Δt = t2 − t1 = 2 Δx cosαLcL → vP(zP) = Δt
cL fPRF
2 cosαL
→ v(z) = ΔΦ(z) cL fPRF
4π f0 cosαL
(2)
Using PWV to measure the velocity proﬁle in a channel with low depth with suﬃcient spatial resolution requires
center frequencies f0 > 8 MHz1 and a short pulse duration of the used UT (referred to as ”large bandwidth UT or
LBUT”, e.g. [6]). Unfortunately, commercially available LBUTs are restricted to operation temperatures below 50◦ C,
while polymer melt may reach temperatures up to 250◦ C. In our work, we present a promising setup, which allows
to use a LBUT for long–term in–line measurement of velocity proﬁles in polymer melt: Figure 1 (c) sketches the
setup: A laboratory extruder with melt pump is connected to a heated capillary die with rectangular cross–section of
the melt channel (20 mm × 1.4 mm). The die contains a measurement inset, which follows the so–called ”buﬀer rod
technique” (e.g. [7, 8]). The cross–section of the die is provided in Fig. 2 (a): A cylindrical rod (1) serves as acoustic
waveguide between the UT and the melt. An additional damping layer (2), which clads the rod, is required to reduce
spurious shear modes between the rod and the outer housing (3). To enable ultrasound transmission while achieving
thermal separation between UT and melt, some design rules apply: Firstly, the longitudinal acoustic impedances of the
buﬀer rod and the melt should match (as much as possible) to reduce reﬂection losses. Further, the shear impedances
of rod and cladding should match to avoid reﬂections on their boundary. Finally, all used materials need to endure
high temperatures and high pressures, but should have low thermal conductivity to decouple the UT from the hot
melt. More details on the design process are provided in [4]. For the rod, the glassy carbon SigradurR© was selected,
which endures up to 1000◦C, has a lower acoustic impedance than e.g. borosilicate glass and features comparatively
low thermal conductivity2. For the cladding, an aluminum ﬁlled epoxide was used, which endures temperatures up to
300◦C. With the selected materials and an initial coupling angle of 45◦ (Fig. 2 (a)), reﬂection losses at the boundary
rod/melt are ≈ 83%. At the boundary melt/steel, which is hit by the propagating pulse after transmitting the polymer
melt, an almost total reﬂection occurs, and the pulse passes the melt a second time. To allow long–term in–line
measurement, the upper part of the inset needs to be water–cooled (see Fig. 2, left). The visible neck of the holder
(3) supports thermal separation between melt and UT. Its angular faces (70◦) ﬁx the inset in the heated part of the die
(5,6) and compensate high pressure in the melt channel. Figure 2 (b) shows the developed inset, applied to the melt
pump.
1 In polymer melt, cL ≈ 1000 m/s can be used [5]. With f0 = 8 MHz, a wavelength λL = 0.125 mm in melt can be obtained.
2 SigradurR©: longitudinal impedance Z = 7×106 Ns m-3, thermal conductivity Λ = 4.6 W K-1m-1, compared to steel (typical values): Z≈ 46×106
Ns m-3, Λ ≈ 17 W K-1m-1 and borosilicate glass: Z≈ 12.5×106 Ns m-3, Λ ≈ 1.14 W K-1m-1, see [4] for details.
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Figure 2: (a) Cross–sectional drawing of the heated die with the developed inset. (b) Setup with applied UT (Panametrics C312SU, f0 =10 MHz).
2. Experiments and measurement results
With the manufactured inset, two series of experiments were run: At ﬁrst, polypropylene (PP) with 5 % glass
ﬁber was extruded at various feed rates of the melt pump. The extrudate is white and remains slightly translucent in
the molten state (see Fig. 2(b)). Additionally, PP with 20 % talcum powder was extruded at various feed rates - the
melt is gray and fully opaque. For each compound at each feed rate of the melt pump, 4096 ultrasound bursts were
emitted with fPRF = 2 kHz, so one measurement takes ≈ 2 s. The UT, the pulser–receiver (a Panametrics 5900PR)
and a connected Agilent DSO9254A scope were used to capture the echoes at a sampling frequency of fS =125 MHz.
Figure 3 (a) and (b) show the ﬁrst 500 echoes (≡ 0.25 s of measurement) of the data captured for PP with glass ﬁber
and PP with talcum, extruded at 25 rpm, respectively. The abscissa is limited to samples captured between 32 μs
and 41 μs after pulse emission, thus limited to reﬂections obtained from within the melt. Both images show strong
static reﬂections, which in Fig. 3 (b) masks the sought information. By high–pass–ﬁltering across the columns3, static
reﬂections can be removed, see Fig. 3 (c) and (d). Especially in Fig. 3 (c), periodic behavior can be seen. This
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Figure 3: Segment of the captured raw data of PP with glass ﬁber (a) and PP with talcum (b), extruded at a feed rate of 25 rpm. Gray values
represent the captured voltage (black: min, white: max). (c and d): The same data after a high-pass ﬁltering step: Echoes from moving particles
become visible, and periodic behavior (compare segments betw. 33 μs and 36 μs and 36 μs and 39 μs) can be seen.
can be explained considering the high reﬂection losses between melt and steel mentioned in the previous section:
After passing SigradurR© and the melt, the propagating pulse reaches the boundary melt/steel, is reﬂected and interacts
with moving particles a second time. By measuring the required round trip time ΔtRT of each pulse (e.g. by using
autocorrelation to ﬁnd periodic repetition in the captured data)), the sound velocity cL in the melt can be calculated:
In Eq. 3, the travelled distance Δl depends on the known channel depth d and on the angle αL in melt, which is deﬁned
3A moving average ﬁlter of length 500 is applied to the raw data. The ﬁltered output is then subtracted from the raw data.
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by Snell’s law of refraction from the speed of sound cB in the buﬀer rod and the known angle αB = 45◦. Using basic
trigonometry, αL can be expressed (Eq. 4), and cL is obtained. Figure 4 (a) shows cL for PP with glass ﬁber and with
talcum as ﬁller, measured at various feed rates. For the used extrusion temperature of ≈ 220◦C, the results compare
well with related literature (see e.g. [5]). The apparent variation can be explained by temperature shifts, which are
caused by a remaining inﬂuence of the cooling water supply on the melt channel (compare Fig. 2 (a)): Depending
on the feed rate, this inﬂuence varies, and during the experiment the ﬂow rate of cooling water needed to be altered
manually to guarantee safe operation conditions for the used LBUT. Thus, the temperature of the surface exposed
to the melt was not constant throughout extrusion. Figure 4 (b) shows the calculated velocity proﬁles (see Eq. 2
or [3, 4] for details), obtained in PP with glass ﬁber and PP with talcum. Using glass ﬁber as ﬁller yields a higher
signal–to–noise–ratio. However, measurement in PP with talcum powder is possible.
cL =
Δl
ΔtRT
=
2 d
cos(π/2 − αL) ·
1
ΔtRT
with
sin(π/2 − αL)
sin(π/2 − αB) =
cL
cB
(3)
αL = −12 sin
-1
(
4 d
ΔtRT
· sin(π/2 − αB)
cB
)
+
π
2
(4)
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Figure 4: (a) cL measured at various feed rates. (b) Calculated proﬁles of PP with glass ﬁber and PP with talcum at diﬀerent feed rates (x–axes:
velocity in m/s, obtained from ΔΦ, see Eq. 2 or [3] for details. y–axes: channel depth in mm, see Eq. 1). The mirrored proﬁles (starting at ≈ 1.4
mm) are caused by a total reﬂection. Depth–dependent frequency and amplitude damping were compensated in a post–processing step, see [9].
3. Summary and Acknowledgement
The presented work successfully uses PWV for in–line measurement of velocity proﬁles in two types of polymer
melt immediately after extrusion. Especially in opaque melts, the shown method is of interest. The remaining inﬂu-
ence of the required active cooling will be further reduced in future versions of the implemented die using an improved
layout and a regulated cooling water system. More experimental results will be provided then. The presented work
has been carried out as part of the project PolyTwinScrew (841303), funded by the bridge programme of the Austrian
Forschungsfo¨rderungsgesellschaft (FFG). It has been partially supported by the Linz Center of Mechatronics (LCM)
in the framework of the Austrian COMET-K2 programme.
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